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SUMMARY

Sodiua channels and calcium channels from rat brain membranes, have been
incorporated into planar phospholipid bilayer membranes and characterized olec-
trophysiologically. Currents through single channel molecule& (single channel
currents) were studied. The sodium channels were activated by the neurotoxin
batrachotoxin, and were selective for sodium over potassiump cesium, and chlor-
ide. They opened as the membrane was depolarized, and were blocked by nanomolar
concentrations of the neurotoxins saxitoxin (STX) and tetrodotoxin (TTX). The
single channel conductance was 30 pS in symmetrical 0.5 N Mael, 0.1 2H CaCl2.
Block of single sodium channel& by STX was found to be dependent on the membrane
potential with depolarizing potentials reducing the potency of STX block by as
much as 50-fold. Both blocking and unblocking rate constants were affected by
the membrane potential: depolarization decreased the rate (probability) of
channel block by STX and increased the rate (probability) of unblock. These
sodium channel& are responsible for depolarizing phase of the action potential
in nerve and muscle cells and appear to constitute the sole site of action of
STX and TTX. Sodium channels in planar bilayers are blocked by both external and
internal calcium ions. Block by external calcium appears to be competitive with
sodium suggesting binding to a common site. Block by external calcium is also
voltage-dependent with hyperpolarizing potentials favoring block. Some of the
effects of external calcium may be due to binding at the STX binding site since
treatment with trimethyloxonium (a carboxyl modifying reagent) eliminates STX
block (and binding of 3H-STX), reduces the degree of calcium block, and reduces
the single channel conductance by 30%. STX an4 calcium protect against modifica-
tion by TWO. Single calcium channels from rat brain membrane vesicles were also
incorporated into planar bilayers. The calcium channels were selective for
calcium, barium, and strontium over monovalent cations and anions. The single
channel conductances for Cae, Bae, and Sr** were 5 pS, 8.5 pS. and 5 pS,
respectively, in symmetrical 0.25 N Ne÷*C12. Membrane depolarization increased
the probability of channel opening and decreased the probability of channel
closing. There was an apparent reciprocal relationship between the single chan-
nel conductance and the mean open liletime for the three permeant cations test-
ed, suggesting a possible relationship between channel gating (voltage depen-
dence) and ion permeation. These calcium channels may be the pathways for cal-
cium entry--during stimulus-coupled release of neurotransmitter at synapses in
the central nervous system.
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FOREWORD

"In conducting the research described in this report, the investigators
adhered to the "Guide for the Care and Use of Laboratory Animals," prepared by
the Committee on Care and Use of Laboratory Animals of the Institute of
Laboratory Animal Resources, National Research Council (DHEW Publication No.
(NIH) 78-23, Revised 1978).
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EXPERIMENTAL RESULTS

A. SPECIFIC AIMS OF LAST PROPOSAL.

In this section of the report we summarize those Specific Aims of our
initial proposal (for 1 August 1982 to 31 January 1984) and for the revised pro-
posal (1 February 1984 to 31 January 1985) that have been experimentally ad-
dressed during the term of this contract. Some specific aims of the original
proposal were dropped as explained in the Annual Reports September, 1983 and
September, 1984.

1. To explore (several] aspects of the molecular nature of the interaction
of the neurotoxins saxitoxin (STX) and tetrodotoxin (TTX) with sodium channels
from mammalian central nervous system.

During the first year of the project, we developed the capability to study
and characterize voltage-dependent sodium channels incorporated into planar
bilayers (Krueger et al., 1983). In the second year we expanded this prelim-
inary study to include the details of toxin block and ion permeation through
the cnannels. In particular both STX and TTX were found to block in a
voltage-dependent manner. Sodium permeation through the channels, block of
sodium permeation by divalent cations, and the consequences of modification
of the STX/TTX binding site have been investigated. The results are summar-
ized in sections D - F (French et al., 1984).

2. To describe [several] properties of voltage-dependrnt calcium channels
from rat brain.

We have identified and characterized voltage-dependent calciur channels in
planar bilayers exposed to rat brain membrane vesicles The results are summar-
ized in section G (Nelson et al., 1984; Nelson, 1984; 1986).

3. To reconstitute and study sodium channels and calcium channels from
mammalian heart sarcolemma in planar bilayers and to ccmpare their properties
with those of sodium and calcium channels from brain.

In preliminary experiments, we nave tentatively identified STX/TTX sensi-
tive sodium channels as well as a novel, rectifying cation channel in planar
bilayers exposed to rat heart sarcolesma membranes. To date no evidence for
heart calcium channels has been found. No additional progress has been made on
these cardiac channels as a consequence of our concentrating on the sodium and
calcium channel studies described above.

9



S. PUBLICATIONSi A&P EIINhIUIC flhhINGS.

Work under this contract hes resulted in the following publications:

Krueger, B.K., J.F. Worley, III, and R.J. French. Single sodium channels
from rat brain incorporated into planar lipid bilayer membranes. Nature
303: 172-175 (1983).

French, R.J., J.F. Worley, III, and B.K. Krueger. Voltage-dependent block
by saxitoxin of sodium channels incorporated into planar lipid bilayera.
liophysical Journal 45: 301-310 (19a4).

Nelson, N.T.. R.J. French, and B.K. Krueger. Single calcium channels from
rat brain in planar lipid bilayers. _Nar 2a: 77-80 (1984).

Nelson, N.T. Single calcium channels from rat brain in planar lipid bilayera. in
"Epithelial Calcium and Phosphate Transport: Molecular and Cellular As-
pects" in Progress in Clinical and Biological Research, Vol. 168, (F.
Bronner & N. Peterlik, eda.) A. Liss, New York: 59-64 (1984).

Worley, J.F. Sodium channels in planar lipid bilayera: Effects of neurotoxina,
divalent cations, and chemical modification on ion permeation. Ph.D.
Thesis. (1985)

Nelson, N.T. Interactions of divalent cations with single calcium channels from
rat brain synaptosoeas. 1. IM. Physiol. 87: 201-222 (1986).

French, R.J., B.K. Krueger, and J.F. Worley. From brain to bilayer: Sodium
channels from rat neurons incorporated into planar lipid bilayera. From:
"Ionic Channels in Cells and Model Systems", R. Latorre, ed., 273-290
(1986).

French, R.J., J.F. Worley, N.B. Blaustein, W.R. Rosine, K. Tan, and B.K. Krue-
ger. Gating of Betrachotoxin-activated Sodium Channels in Lipid Bilayer
Membranes. in "Ion Channel Reconstitution", C. Miller, ad., 363-383 (1986).

The following abstracts have resulted from work on this project:

Nelson, N.T. and R. Reinhardt. Incorporation of potassium channels from rat
brain synaptosomea in plenr bilayers. lo hy8J. .4: 36s (1983).

French, R.J., J.F. Worley, and B.K. Krueger. Unitary current fluctuations due to
saxitoxin block of sodium channels in planar bilayers. Ophys J. 41: 142a
(1983).

Krueger, B.K., J.F. Worley, and R.J. French. Sodium channels from rat brain in
planer lipid bilayers. io2ha ;. 41: 142a (1983).

Nelson, N.T. Permeant ions affect the conductance and open times of single
calcium channels fron rat brain. 1. Physiol. 357: 56P (1984).

Lederer, W.J. and N.T. Nelson. Single Na-K channel current measurements from
calf heart muscle. . Physiol : 46P (1984).
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Worley, J.F. Sodium channels in planar lipid bilayers: Effects of divalent
cations on ion permeation. Biophys. J. 45: 186a U1984).

Nelson, N.T. Single calcium chann-l current measurements from brain synaptosomes
in planar lipid bilayers. Abst.Soc. Nauroacinnce. 9: 508 (1983).

Nelson, M.T. Reduction of single calcium channel currents by lanthanum and
cadmium. Biophys. J. 45: 395a (1984).

Nelson, N.T., R. Reinhardt, and W.J. Lederer. Sodium channels from mammalian
heart muscle incorporated into planar lipid bilayers. Biophya. J. 45: 185a
(1984).

Nelson, N.T. and R. Reinhardt. Single ion channel current measuremants from rat
brain synaptosomes in planar lipid bilayers. Biophys. J. 45: 60-62 (1984).

Krueger, B.K., J.F. Worley, N.T. Nelson, M.B. Blaustain, and R.J. French. The
planar bilayer: Studying structure and function of ion channels. "Transac-
tions of the American Society for Neurochemistry" 16: 318 (1985).

French, R.J., M.B. Blaustein, W.O. Romine, K. Tam, J.F. Worley, and B.K. Krue-
ger. Voltage-dependent gating of single batrachotoxin-activated sodium
channels in planar bilayers. Bophys. J. 17: 19la (1985).

Nelson, N.T., J.F. Worley, T.B. Rogers, and W.J. Lederer. Magnesium blockade of
a cation-selective rectifying channel from heart muscle. Biophys. J. 47:
143a (1985).

Worley, J.F., R.J. French, and B.K. Krueger. Interactions of divalent cations
with single sodium channels. Bophys . J7 439a (1985).

Nelson, N.T. Divalent cation interactions with single calcium channels from rat
brain: Evidence for two sites. Biohy. . 17: 67a (1905).

Staff members of this pro3ect attended the following meetings to
present the experimental results from this pro3ect:

B.K. Krueger and R.J. French. Gordon Research Conferen..:e on "Ion Channels
in Muscle and Other Excitable Tissues", 8/82.

R.J. French, M.T. Nelson, J.F. Worley, Biophysical Society Meeting, San
Diego, CA, 2/83.

D.K. Krueger (invited speaker) Gordon Research Conference on "Nolecular
Pharaecology", 6/83.

R.J. French (invited speaker) Gordon Research Conference on "Cell
Membranes", 8/83.

R.J. French (invited speaker) XXIXth International Physiological
Congress, Sydney, Australia, 8/83.
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R.J. French (presented plenary paper), B.X. Krueger, J.F. Worley, and N.T.
Nelson, invited participants in 4th Biophysical Discussions on Ion Channels,
Airlie, VA, 10/83.

N.T. Nelson, 13th Annual Meeting of the Society for Neuroscience. Boston,
HA, 11/83.

R.J. French. M.T. Nelson, J.F. Worlay. Biophysical Society Meeting, San
Antonio, TX, 2/84.

M.T. Nelson, (invie.ad speaker), Symposiun on "Calcium and Phosphate Transport
across Biomembranes" Vienna, Austria, 3/84.

N.T. Nelson, meating of the Physiological Society, Cambridge, UK. 7/84.

J.F. Worley, Attended (with fellowship) Cold Spring Harbor course on
"Advanced Electrophisiological Techniques", 7/84.

R.J. French (invited speaker) and B.K. Krueger. Gordon Research Conference
on "Ion channels in muscle and othQr excitable membranes", 8/84.

R.J. French, Invited lecturer at "International School on Ionic Channels"
Santiago, Chile, 11/84.

R.J. French, B. K. Krueger, J.F. Worley, M.B. Blaustein, M.T. Nelson.
29th Annual Meeting of the Biophysical Society, Baltimore, ND, 2/85.

B.1. Krueger, (invited speaker) Symposium on "Ion Channels in Bilayers".
Sixteenth Annual Meeting of the Americal Society for Neurochemistry, Baltimore,
MD, 3/85.

C. SO CHANNgLS Ll PLANAR BILAYERS.

During the first year of this contract, voltage-dependent sidium channela
from rat brain membranes (1) were incorporated int, planar phospholipid bilayer
membranes (2). The channels were activated by batrachotoxin (BTX) on the side
opposite rat brain membrane addition (trens) and were blocked by saxitoxin (STX)
from the side of vesicle addition (cis). This allowed the assignment of the cis
aide as the outside of the bilayer with respect to the channels. Both macrosco-
pic (multichannel) and single channel currents were studied. The single channel
conductance was 30 pS (30 x 10-12 ohm*- 1 ) in symmetrical 0.5 N MaCI. STX blocked
with an apparent dissociation constant of about 4 aN. Stepwise, unitary current
fluctuations were observed which were due to the blocking and unblocking of
individual sodium channels. Single BTX-ectivated sodium channels were selective
for sodium over potassium, cesium, and chloride. Hyperpolarization favored
channel closing. Block of single sodium channels by STI was voltage-dependent
witis hyperpolarizing potentials favoring block. There is little doubt that these
channels are identical to those that are responsible for the depolarizing phase
of the action potential of nerve cells and that are the only known site of
action of STX and TTX. Details of these results can 4a found in Krueger et al.,
1983 (2). Several particularly interesting findings came out of this work. This
was the first report in the literature of the successful incorporation of vol-
tage-dependent sodium channels into an artificial membrane. By taking advantage
of the fact that in the presence of BTX, the channels are nearly always open at
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membrane potentials of +60 mV, we demonstrated stmpwise, unitary current fluc-
tuations due to the blocking and unblocking of individual sodium channels by
STX. This demonstrated for the first time that block by STX is all-or-none, that
is, a channel is either fully open or completely blocked by STX. Another inter-
eating result that is described in more detail in French et al., 1984 (3) is
that block by STX is affected by the membrane potential with depolarizing poten-
tials reducing the potency of block by up to 50-fold.

All experiments on sodium channels reported here have been carried out with
channels incorporated into planar bilayers formed from solutions of phospho-
lipids (either phosphatidylethanoleine or phosphatidylethanolamine and phoopha-
tidylserine) in decane as described in Krueger at al., 1983 (2). Membrane vesi-
cles, prepared from homogenates of rat brain, are added to one side of the
planar bilayer (the cis aide) and channel incorporation monitored by observing
stepwise single channel current fluctuations with a potential applied to the
membrane. Unless otherwise specified, the solutions on both sides of the planar
bilayer conteined identical electrolyte compositions (usually 500 mM or 250 mM
NaCl) end batrachotoxin (BTX) was present on the side opposite vesicle addition
(the trans side). Ionic currents throught single chennels was recorded using
either a Yale Mark IV patch clamp or one of several homemade devices constructed
in our electronics shop. With the membranes used in these studies (normally 0.25
mm in diameter)' we can record currents steps of about I pA at 500 Hz or about
0.2 pA at about 100 Hz. These bandwidths place limitations on the resolution of
fast gating events and we are working on methodologies to reduce the membrane
size in order to increase the effective recording bandwidth.

D. VOLTAGE-DEPENDENT BLOCK OF SODIUM CHANNELS BY SAXITOXIN AND TETRODOTOXIN.

Summary, Our preliminary finding (2) that the potency of block of sodium
channels by STX varied with the membrane potential hrs now been investigated in
detail. All experiments were conducted on bilayers containing only one or a few
sodium channels. The voltage dependence of STX block was evnluated from steady
state measurements of the fractional block as a function of STX ccncentraticn
over a range of membrane potentials. It was found that the dissociation constant
(KI) for STX block ranged from about 1 nX at -60 mV (near the normal resting
potential) to about 50 nM at +60 mV. By avaluating the kinetic parimeters of
unitary single channel fluctuations induced by STX. we were able to determine
that depolarization decreased the blocking rate constant and increased the
unblocking rate constant. At each potential, the KI derived from kinetic para-
meters agreed well with the KI obtained from steady state determinations.

Voltage-dependent STX block was entirely unexpected. Several investigators
had previously considered the possibility that STX or TTX block was voltage-
dependent (4-6) but in each case no evidence could be found to demonstrate
such an effect of voltage on block. One report (7) suggested that depolarization
of heart cells increased the potency of TTX block, however, the validity of the
experimental methods used to carry out those experiments have been questioned
(8), and more recent studies have failed to confirm that finding (9). As summa-
rized above, our results demonstrate that depolarization reduce* the potency of
STX block at least under the specific experimental conditions used in our exper-
iments.

A voltage-dependent process suggests that one or more electric charges atr
interacting with the membrane electric field. The most likely candidate for

13



those charges is the STX molecule Itself which is a divalent cation under
physiological conditions. One possible mechanism is that the binding site for
STX lies inside the channel at a location within the membrane electric field.
Thus block by STX, approaching -.ron the outside, would be favored by negative-
inside (hyperpolarizing) potentials, making the potency of block greater
(10,1). Our initial results appeared to be consistent with this model. However,
we have subsequently compared the action of TTX, a monovalent cation, with the
divalent STX. The KI's for these two toxins vary identically with voltage,
changing e-fold for a40 mY change in voltage (Figure 1). Since the two charges
on STX are separated by only 3-4 A, it Is highly unlikely that one of these
charges could penetrate into the tranamembrane electric field without the other.
Given identical effects of voltage on the action of the toxins with charges of
+1 and +2, the voltage-depen~ence is unlikely to result from entry bf the toxin
molecules into the transamembrane field. The voltage dependence must arise from
some common, voltage-dependent step in the binding and blocking reactions,
perhaps a voltage-dependent conformationel change in the channel protein itself.

CC

100- 7
C
* TTX
C

0U
C /STX

10-

C0toa 7'

C

-60 0 60

Voltage (mV)

Figure 1. The apparent dissociation constants (Kd's) for TTX (filled
circles) and STX (open circles) are plotted as a function of membrane potential.
Kd's were calculated from the relation Kd a [TX]/:fb-l - 1) where fb (fraction
blocked) was determined from single sodium channel current measurements in
planar bilayers.
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E. Chemical Modification of the STX Binding Site.

Many lines of evidence suggest the' an ionized carboxyl group located on
the &odium channel receptor is intimately involved in saxitoxin and tetrodotoxin
binding and block. Radiolabeled toxin binding &xperiments using membrane vesi-
clas (12) and intact excitable membranes as well as electrophysiological recor-
dings (13) have demonstrated involvement of an acidic site (pKa about 5) in
toxin binding and block. These results suggest that a carboxyl or phosphate
group might be intimately associated with the toxin receptor.

Modification of sodium channels by carbodiiaide or trimethyloxonium tetre-
* flunroborate (TMO), two carboxyl side chain modifiers, have been shown to render

sodium channels insensitive to TTX (14). TMO, a more specific and selective
chemical modifier than carbodiimide, has been shown to inhibit toxin binding to
sodium channels irreversibly (12). In addition, Sigworth and Spalding (15) and
Spalding (16) demonstrated that sodiu& currents in frog skeletal muscle are
insensitive to tetrodotoxin after THO modification. They also found that, fol-
lowing TMO modification, sodium currents were reduced, ion selectivity, as
determined from alterations in the sodium current reversal potential in the
presence of organic cations, was unaffected, and the aensitivity of sodium
currents to alterations in pH was reduced. These results demonstrated that the
toxin receptor site is distinct from the domains of the sodium channel reapon-
sible for ion selectivity and gating. This section reports the effects of chemi-
cal modification, by TNO, on sodium channels from rat brain incorporated into
planar lipid bilayers. Chemical modification was performed by the addition of
TMO to the extracellular surface of sodium channels incorporated into lipid
bilayern. For 3 H-STY binding experiments, THO was added to the membrane vesicle
preparat..ion (P3). Sodium channels in the bilayer were characterized electri-
cally, before and after THO treatment.

Effect of TMO modification on tingle sodium channel properties

Figure 2 illustrate& the modification of singla batrachotoxin-activated
sodium channels by TMO. Sodium channels from rat brain were incorporated into
membranes composed of PE with the identical solution composition on both sides
to minimize asymmetries in membrane surface chdrge. Figure 2A shows a normal
sodium channel which displays many transitions between the open and closed
states as shown by the brief closing events lasting up to a few tens of milli-
seconds, many of which are too brief to be resolved at the present recording
bandwidth (500 Hz). These closing events reflect the voltage-dependent openings
and closings of BTX-activated channels. At -60 mV the channel remains open most
of the time (greater than 98X). These channels were selective for sodium over
potassium, and are sensitive to STX and TTX (2) Upon addition of STX (5 nM) to
the extracellular side, long lived "closing" events due to toxin block are
observed. Note that the single channel conductance before and after toxin addi-
tion is unchanged as shown by French, Worley, and Krueger (3). Toxin block is
clearly resolved as an all-or-none event, in contrast to the effect of less
potent blockers like calcium. These channels also display voltage dependent STX
and TTX block in which depolarizing potentials favor an unblocked state (3,21)
These results are consistent with toxin binding to a site located approximately
30-40% of the electrical distance of the tranamembrane field from the extracel-
lular surface.



Figure 25 illustrates the consequences of TWO modification. Following
incorporation into neutral (PE) membranes, the channels were first characterized
with respect to their single channel conductance and kinetic behavior to verify
normal sodium channel function. After TWO addition (50-60 W1), the single chan-
nel current at the same applied potential (-60 0Y) was reduced by 37%. Moreover,
srx failed to block the channels at a concentration (50 nMl which would norwslly
block unmodified sodium channels by over 96% at this potential. TIIO modified
sodium channels were also insensitive to TTX (100 nX). I have not determined
whether toxin binding is completely lost or the affinity is greatly reduced,
however, the affinity for toxin would have to be decreased by at least two
orders of magnitude to account for this result.

Figure 3 illustrates the single channel current-voltage relationship before
and after THO modification. Note that the relationships are linear over the
voltage range studied and that THO lowers the single channel conductance from 25
!0.6 pS to 15.8 pS +0.3 pS. Hydrogen ions are produced when THO reacts with
water; one hydrogen ion is generated per molecule of TMO. Howevex, the linearity
of the current-voltage relationship shows that the buffering was adequate to
keep the pH constant. If the extracellular pH had not been maintained, then
inward single channel current would have been reduced by the presence of hydro-
gen, in a voltage-dependent manner.

Reduction o sinle channel conductance and toxin sensitivity

When STX (1-10 nil) was added before TKO addition, alterations in channel
function were not observed (n=4 experiments). Similarly, when two or more chan-
nels were in the bilayer, occasionally one was modified while the other was not
as illustrated in Figure 4. At 60 mV, a toxin unblocked state is favored for

* normal, unmodified STX sensitive sodium channels in which the Kd for block is
*. about 80 ni. At -60 mV block is much more potent and the Kd is about 2-4 nM (3).

"Figure 4 shows a bilayer containing two sodium channels, only one of which has
been modified by TNO. Note that the modified, low conductance sodium channel is
always unblocked and the single channel current is about 0.9 pA. However, the
unmodified sodium channel which is blocked and unblocked by STX has a single
cha;,nel current of about 1.4 pA. If one were to extend this record to such
longer times the modified channel would never display the characteristic long
lived blocked and unblocked states displayed by the unmodified channel in this
bilayer. At -60 mV, the unmodified sodium channel is initially unblocked and
then blocked by STX very soon after the voltage step and does not become un-
blocked again. On the other hand, the TMO modified channel is never blocked by
STX. This result, and others, (n=3) demonstrate that when a sodium channel was
modified by TWO, both the reduced single channel conductance state and toxin
insensitivity were observed and suggested that both of these physiological
consequences of TWO resulted from modification of a common site.

TKO L9_%cti~on with waerL

A concern in these studies was that the by-products of the TWO reaction
with water (methanol and ether) were producing changes in sodium channel proper-
ties rather than the reagent itself. To test this, TWO was allowed to react
completely with solutions bathing a p:eforaed bilayer prior to addition of
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Figure 2A. A single sodium channel was incorporated into a neutral (PE)
membrane in which the solutions on both sides of the bilayer contained 125 am
sodium. The current fluctuations were recorded at -60 mV and the zero current
levels are indicated by an arrow so that upward current deflections represent
channel closings. In the absence of 5TX, the channel spent over 98% of the time
in the open, ion conducting state (top). When 5 nX STX was added to the extra-
cellular side (bottom), the channel was in the closed or blocked state most of
the time, with only infrequent openings as the STX molecule dissociated from the

*i blocking site.
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Control: 125 mM Na"

+ TMO

0" a4

+ TMO + 50 nM STX

Y _ .. . .. . . . .. . . ._ _ .2 pA
0.5 sac

Figure 2B. Thes current fluctuations are from a different. channel under

the same conditions as in A except that no STX was present (top, current trace).

When TKO (50 me) was added to the extracellular aide of the incorporated chan-
nel, the single channel current was reduced by 374 (middle). When 50 nil STX was

added to Lhe saze side as TM0, there were no long lived closing or blocking

events as observed in A. The STX concentration was ten times higher in B then in

A. Note the difference in tine scale for A. and B. The". records were filtered
at, 150 H2.
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figure 3. Current-voltage relationships for normal and TH0 modified sodium
channels. The conductance of sodium channel prior to addition of the chemical
modification reagent was 25 ! 0.6 p8 (filled circles). In 9 oxperiments, follow-
ing THO modification the single channel conductance is reduced to 15.8 + 0.3 p8
(open circles).
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Figure 4. Single channel current fluctuations from a neutral membrane
containing an unmodified sodium channel and a THO modified sodium channel. These
record& were taken at 60 and -60 aV In the presaence of 50 nN STX. For the
current record at the bottom the arrow indicates that the potential was changed
from 0 mV to -60 mYV note the decay In the capacitative current &pike. The open
states (or levels) of the two channel types are indicated at the right. The
larger conductance site displays voltage-dependent block by 5TX, while the STX
insensitive channel is open moat of the time. Note the ST1 block on the capaci-
tative tranaient when the voltage IAs aoped to -60 mY.
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biological material. The pH was maintained at 7.0 by the addition of cancen-
trated N0OH. Membrane vesicles (P3) were then added, resulting in incorporation
of normal, unmodified sodium channels which were STX sensitive and showed no
reduction in single channel conductance. Furthermore, no detectable altezations
in any other functional properties were observed. This demonstrates that the
trimethyloxonium ion is necessary to modify or convert single sodium channels to
a reduced single channel conductance state which is toxin insensitive.

In approximately 20P of the attempts to modify sodium channels, toxin
insensitive sodium channels were not observed following addition of the carboxyl
"modifying reagent. Presumably, this was due to the labile nature of the reagent
in aqueous solution, particularly at room temperature (about 240C). The half
life of TWO in an aqueous solution is between 1-8 minutes at 5oC and is very
temperature dependent (16,17) In successful experiments, solid TWO, which had
been preweighed and stored at 40C no longer than a few hours in a sealed test-
tube, was added to the extracellular aide of the channel with brisk stirring.

EifeSo 2L extracglular calcium on single channel cujrents

Divalent cations have oemn shown to influence sodium ion movement through
sodium channels in a variety of tissues. Figure 5A shows the effect of extracel-
lular calcium addition on single sodium channel currents. Sodium channels were
incorporated into bilayer membranes composed of neutral phospholipids (PE) in
which the solutions on both sides of the bilayer were symmetrical, and contained
less than 100 nN divalents. At -60 mV, the sodium channels were mostly open with
occasional fluctuations to the closed state. When 10 mM calcium was added to the
extracellular side of an incorporated sodium channel, the single channel current
was reduced by about 60%. Notice at the end of the record the current fluctua-
tions cease and the current level indicates that thQ channel is closed. This is
due to the presence of a low concentration of STX (5 nK) which was added to
provide an unambiguous determination of the single channel current magnitude.
This calcium induced current reduction is presumably due to a rapid movement of
calcium ions into and out of a blocking site, located in the sodium channel,
producing a time-averaged reduction in the single channel current.

In addition to current reduction, there is an affect of extracellular
calcium on the chann.)l's activation kinetics. The sodium channel appears to
spend a greater amount of time in the closed, non-conducting state in the
presence of ex.racellular calcium. The effect of extracellular calcium on the
kinetic properties of sodium channels has been described previously and was
expected.

The single channel current-voltage relationship before and after calcium
addition are shown In Figure 5. As the membrane voltage is made more negative,
the inward single channel current is reduced (blocked) from control levels by
calcium. There Is greater current reduction at -90 mV (about 74%) then at -30 mV
(about 53%). Therefore, reduction of inward single sodiur channel currents by
calcium is voltage-dependent, such that more hyperpolarized potentials favor
greater current reduction.

Table 1 shows the influence of voltage on the reduction of inward currents
by extracellular calcium. The apparent affinity (Ki) for calcium evaluated at
each potential has been calculated from the fraction blocked current (Fb) ob-
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125 mM Na, 0 Ca

+ 10 mM CO++
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Figure 5A. Effects of extracellular calcium on single sodium channels.
The single sodium channel we& incoporated into a neutral membrane bAthed by
symmetrical 125 mN sodium solutions and the zero current levels are indicated by
the arrows. Single channel current flucuetions were recorded at -60 aV in the
absence (top trece) and presence of 1) mN extracellular calcium (bottom). A
small amount of SiX was added to the extracellular solution upon addition of
calcium and is responsible for the long closing observed at the end of the
current record at the bottom.
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Figure 58. The current-voltage relationship for sodium channels in the
absence (open circles) and presence (closed circles) of 10 mM extracellular
calcium. Each point repreaents data collected from 6 experiments and the smooth
curve was drawn by eye.
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tamned from the follojing relationship:

Ki * (Fb-1 - 1) * [Ca 2 #] .... (1)

The more negative the membrane potential, the higher the apparent affinity for
calcium. By adopting the formalism used by Woodhull (10), one can determine the
apparent voltage dependence of block, or fractiqn of the field sensed by cal-
cium, from the following relationship

Ki(E) a Ko-exp(DzFE/RT) .... (2)

where KI(E) and K0 are the calculated inhibition constants for calcium at the
indicated potential (E) and 0 mV, respectively, D is the fraction of the applied
electric field sensed by the divalent blocker, z is the valence of the ion, and
R, T, and F have their usual meanings. From the fraction of blocked current at
each potential the Ki can be determined from equation 2 (Table 1). These results
3uggest that calcium binds to a site located approximately 23% of the electrical
distance from the extracellular surface and is in close agreement to the results
from other studies on extracellular calcium addition (10).

Table 1. Effect of voltage on extracellular calcium block

E (mV) Fraction of current blocked Ki (mM)
--------- -- - - -- ----------------- -------------.

-33.7 0.51 + 0.04 9.6 * 1.6
-63.7 0.64 # 0.03 5.6 ± 0.9
-73.7 0.68 ± 0.03 4.7 ± 0.7
-83.7 0.71 ± 0.02 4.1 Z 0.5
-S3.7 0.74 ± 0.02 3.5 ! 0.3

-103.7 0.79 * 2.6

a Date point was determined from one membrane. All other values were
collected from 4-7 membranes.

Effects 2L calcium 2oL STX block

Since STX is specific for the sodium channel, it may be used as a tool to
study interactions of other agents or ions with the channel. Figure 6 illus-
trates the influence of calcium on STX block of a single sodium channel incor-
porated into a neutral (PE) membrane with symmetric solutions. STX (10 nH) was
added to the extracellular side of the incorporated sodium channel. At -60 mV
the channel spends over 95% of its time blocked by STX. When 10 aN calcium was
added to both sides of the bilayer, the sodium channel, on the average, spent a
longer time in the open, unblocked state as indicated by the increased open (STX
unblocked) dwell times (Figure 6). This suggests that the on (or ;locking)
rate for STX is reduced in the presence of calcium. Furthermore, the overall
fraction of time the channel spends in the unblocked state is increased, indica-
ting that the overall sensitivity to toxin has been decreased. Also, the single
channel current w~s reduced about 60% in the presence of 10 mH calcium (see
Figure 5 for comparison). Calcium was added symmetrically to avoid a change in
the tinm the channel spends in the closed state due to a shift in the voltage
dependence of channel gating as observed in Figure 5A. Therefore, current fluc-
tuations between the open and closed state could be attributed to STX blocking
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Figure 6. Effect of calcium on STX block. A single sodium channel was
incorporated into neutral (PE) planer lipid bileyera with symmetrical 125 aM
sodium and 5 nX STX only on the extracellular side. The current fluctuations
were recorded at -60 mV and the zero current levels are indicated by the arrows
so that downward fluctuations in the current record are channel openings. The
current record at the top shows that the channel is blocked by STX over 90% of
the time, and brcomes unblocked only briefly. When 10 mM calcium ic added to
both sides of the membrane, the single channel current is reduced the mean
unblocked dwell time is increased and the channel spends a larger fraction of
the time in the open, unblocked state.
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end unblocking events, uncomplicated by alterations in geting behavior. Similar
effects on STX block were obtained with calcium addition to the extracellular
side alone.

Table 2 shows the results of kinetic and steady state analysis of records
such as those of Figure 6. There is about a five-fold reduction in the on
(blocking) rate for STX and a small effect on the STX off (unblocking) rate.
Overall, calcium causes about a seven-fold increase in the apparent dicsociation
constant for STX block determined from either kinetic rate constants or steady
state fractional bl,)ck measurements. The extent to which the off rate for STX
block was altered in the presence of calcium varied from experiment to experi-
ment. Given the small sample size of single channel current fluctuations between
the blocked and unblocked state (about 60), the confidence interval is about 13-
20% therefore, one must conclude that the off rate for STX was apparently
unaffected by calcium since the range of standard errors of the means overlap,
so that their differences are not significant. These results suggest that cal-
cium competes with STX for the blocking site, thereby reducing STX affinity.

Table 2. Calcium influence on STX block.

LCa 0
2 +1 Kon 1off Kd (nN)

10-8 M-1 sa- a-1  rate constant steady state

0 am 0.3.0 + 0.010 0.034 ± 0.020 1.3 • 0.3 1.5 ± 0.4
10 ma 0.065 ; 0.010 0.058 ± 0.020 9.6 ± 0.4 9.8 ± 0.6

These determinations vere collected from three separate single channel
membranes.

Calcium inhibitg 3HST binding

3H-STX binding to membrane vesicles (P3) is also reduced in the presence of
calcium as shown in Figure 7. The double reciprocal plots illustrate a shift in
the Xd, without altering Vmax for binding. In these experiments, 10 mH calcium
caused a 5-6 fold increase in the dissociation constant for "H-STX binding, with
the characteristics of a competitve inhibitor. These values are similar to those
obtained from 3 H-STX binding experiments uader similar conditions. Therefore, it
appears that calcium can compete for the STX binding and blocking site.

Calcium qnDA MT protect against MN modification

Competition between calcium and STX could be a manifestation of interac-
tions of the blockers with the sodium channel at separate sites. However, Figure
8 illustrates that both STX and calcium are able to protect against TrO modifi-
cation, presumably by binding to the toxin binding site. The reduction in the
number of chemically modified STX binding sites occurs in a dose-dependent
manner which closely follows the potency for block by STX and calcium obtained
from single channel measurements. As the STX or calcium Is increased, the number
of 3 H-STX binding sites recovered after TWO modification increases. The arrows
indicate the predicted occupancy of the Ion, STX or calcium, as determined from
their effects on the single sodium channels in the bilayer. The parallel between
the sensitivity, or potency of channel blockade by calcium and STX and their
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Figure 7. Double reciprocal plr. of 3 H-STX binding to membrane vesicles
(P3). Binding was meaaured under equilibrium conditions at 40C in the presence
of 125 aN sodium at pH 7.0 with (closed circles) and without (open circles) 10
mN calcium. Each point represents four determinations of radiolabeled STX bound
to membrane vesicles (0.2 mg/ml) at the indicated concentration. In the presence
of calcium, the STX affinity is reduced. From double reciprocal plots such as
this one, calcium increased the apparent dissociation constont from 0.87 + 0.06

nX to 5.12 # 0.04 nE 3 H-STX (n&3).
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Figure 8. STX and Calcium protection from TWO modification. 3 N-STX bindiag
wea measured after the addition of THO (50-60 mX) in the presence of STX or
calcium at the indicated concentration in the reaction mixture. The date are
plotted as the seen + standard error of the seen (n-4). Zero STX or calcium
represents the modification of the STX binding site by THO. Zn some caese THO
modification eas variable among different preparation&, varying from 10-30% loss
of 3 H-STX binding. The arrows indicate the expected protection from TWO modifi-
cation as described in the text.
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ability to protect from chemical modification further supports the hypothesis
that calcium and STX can bind to a common site, which is the toxin binding site.

TMO modification reduces sodium channel block by extracellular calcium

The following experiments were designed to determine whether the TMO modi-
fied site is the same site that binds calcium to reduce the single channel
currents. Figure 9 illustrate& the current-voltage relationships of a TO modi-
fied sodium channel before and after the addition of 10 mM calcium to the
extracellular side. This toxin insensitive sodium channel appears to be nearly
insensitive to calcium block following TMO modification. The degree of current
reduction is considerably lover than that of the unmodified, STX sensitive
sodium channel os was illustrated in Figure 4 and this can be further demon-
strated by the following figure.

In Figure 10 the amount of current reduction (fract.:.on blocked) in the
presence of calcium is plotted as a function of the applied voltage for both a
normal and a T7O modified channel. At all potentials, the T7O modified channel
is leas sensitive to extracellular calcium than the unmodified sodium channel.
The smooth lines were drawn assuming the fraction of the field sensed by the
blocking ion was constant (Dm0.23), while the affinity for calcium at 0 aV (Ko)
was varied. The line at the top of the figure was calculated using a KO of 17.7
mM calcium. The other two lines were determined as the Ko is increased to 133
and 240 mE calcium. This implies that alterations in the functional groups of
the sodium channel, following THO modification, are responsible for drastically
lowering the affinity for caltium. It is not possible, at this time, to deter-
mine whether calcium block of T7O modified sodium channels is voltage-dependent

In recent years there hce been considerable interest in the relationship
between the structure and the function of ion channels. This study has used
chemical modification of single sodium channels in planar lipid bilayers to
perturb channel structure and monitor the consequences by recording the chan-
nel's behavior before and after chemical modification. The aim was to determine
the role(s) played by T1O modified groups on the functional properties of toxin
block and ion permeation of sodiva channels. i.iis report endeavors to investi-
gate a possible link between ion permeation and toxin binding. Therefore, the
following discussion will center on 3vidence that suggests that a collection of
protein residues (or side chains) on the sodium channel, referred to as the
toxin binding site, can also bind cations. and that binding to this site is a

* . necessary step in the ion permeation process.

Diecussion.

When added to the extracellular surface of a sodium channel from rat brain
which has been incorporated into a planar lipid bilayer, TMO eliminated STX and
TTX sensitivity. 3 H-STX binding to the rat brain membrane vesicle preparation
(P3) was also eliminated. Furthermore, single channel currents were reduced by
37% following T7O modification. T7O is a very highly reactive carboxyl modifica-
tion reagent which esterifi~e carboxyl groups, producing a methyl ester. This
produces a dramatic change in the character of the protein residue. A normally
"negatively charged, hydrophilic grour .- modified to a neutral, less hydrophilic
residue. Therefore, the reduced single channel conductance could be due to a
combination of electrostatic and steric factors acting on a permeating ion. Thia
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Figure 9. The influence of calcium on TMO modified channels. The current-
voltage relationships were obtained from sodium channels incorporated into
neutral bilayers bathed by symmetrical 125 mM sodium. Single charrftl currents
were measurwd following modification by THO (open circles, n-9; uo% Figure 3)
ond finally 10 mH calcium was added to the extracellular aide. STX (b nM) added
ifter THO modification did not block the channels. Ecch point on the dashed line
(closed triangles) represents the single channel current (mean + SEX) at the

indicated potential in 1-5 membranes containing TWO modified sodium channels in
the presence of 10 mM calcium. The data point at -80 mV was obtained from a
single membrane. These STX insensitive channels are nearly insensitive to cal-
cium.
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S~Figure 10. Fraction of current blocked by calcium. The fraction of current

blocked by the presence of 10 sM axtracellular calcium of single channel cur-
rents of normal, STX sensitive sodium channels and THO modified sodium channels.
The fraction of *current blocked by calcium was determined from the following
equation: Fbx(l-Im/Imax) where Is and Igax are the magnitude of the single
channel currents in the presence and absence of 10 mH calcium. respectively, and
were obtained from the data in Figures 5 and 9. The smooth curves wore calcu-
lated a& described in the text from equation 2 with the following parameters: D
is 0.23 and Ko was 17.7, 132.9, and 240 sN calcium (from top to bottom line,
respect!-.4y).
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raises the following questions: 1) Does THO modification alter the affinity for
sodium? or 2) Does chemical modification change the maximum rate of sodium ion
passage through the channel? If one assumes that the maximum transport rate of
ions through the channel is unaltered, the affinity for sodium has been reduced
about 3.3 fold (see next section). On the other hand, if the affinity for sodium
is not altered due to THO modification, then the modified residue(s) would cause
the free energy required for sodium ion passage across the membrane to be
increased by about 1.5, thus lowering the overall ion permeation rate. the next
section will investigate these possibilites in further detail. Due to the simul-
taneous removal of toxin sensitivity and reduced single channel conductance, the
results in this section demonstrate a link between the ion permeation process
and the toxin binding and blocking site.

Extracelluler calcium and single sodium channel currents

When calcium was added to the extracellular surface of a sodium channel
incorporated into a planar lipid bilayer, the single channel current was reduced
in a voltage-dependent manner. These results suggest that calcium iors may bind
to a site on the sodium channel, which is either located approximately 23% of
the electrical distance from the extracellular surface or whose affinity for

* calcium may be indirectly influenced by changes in transmembrane voltage. These
results are in agreement with previous work on macroscopic sodium currents in

* frog myelinated nerve (10) end on single channel current in cultured neuroblas-
tons cells (18) The following section will preaent a more detailed and systems-

.. tic investigation of the dependence of single sodium channel current on sodium
and divalent cation concentrations.

"*Calcium and STX: & Coordination j?

It has been suggested that STX and TTX act by plugging the sodium channel,
with the guanidiniu- group entering the mouth of the channel, preventing ions to
pass. Since guanidinium permeates the sodium channel, this model appears attrac-
tive and links toxin block with ion permeation. In this section, calcium was
found to compete for STX block of sodium channels incorporated into a bilayer as
illustrated in Table 2. The on (blocking) rate for STX was found to be decreased
in the presence of calcium, as would be predicted from simple competition.
However, apparent competitive interactions can be more complex and it may be
that calcium introduces an unfavorable steric or charge factor, perhaps at some

* secondary location, which would reduce STX binding. Although the exact origin of
the calciub effect is unknown, the apparent Kd for STX !,lock was increased about
7 fold in the presence of celcium, as determined from both steady state and

. . kinetic analysis. A 5-6 fold increase was found for 3 H-STX binding under similar
conditions. In addition, as will be demonstrated in the following section,
sodium also competes with calcium to relieve block of single channel current.
These results suggest that calcium and sodium competitively inhibit STX binding

"* and block, perhaps by interacting at the same site.

TWO modification caused the sodium channel to become insensitive to toxin
"blockade and reduced the single channel conductance. Prevention of chemical
modification by STX, suggests that the chemically modified site Is the toxin
binding or blocking site. In fact, the ability of STX to protect against THO
modification can be directly related to its Intrinsic affinity for that site as
shown in Figure 8. The concentration of STI required to prevent half of the STX
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binding sites from being modified was about 3 nX, which is higher than the Xd
for 3 H-STX binding (about 1 nM). Presumably, this may reflect the amount of time
the modification reagent is active. In the presence of 1 nl STX, oa the average,
half of the sites would be occupied by STX. However, since THO is active for
longer than the mean bound time (1/diassociation rate), STX will dissociate from
some of the blocked sites, thereby rendering more of then accessible to chemical
modification. A similar concentration-dependent protection of the STX binding
site was observed when calcium, instead of STX, was pzrsent (Figure 8). The
estimated Ki for calcium blockade of single channel currents was found to be
between 2-9 mM (Table 3); 5 &M calcium was Gble to prevent half the sites
from being modified by TMO. Calcium, a low affinity blocker, binds and unbinds
at a very fast rate so that the Ki for current reduction by calcium reflects the
average time a sodium channel is occupied by the divalent cation. Due to the
nature of calcium block, there may be, in fact, less than 50% of the sites
available for modification at the Ki for calcium block. Although experiments
were performed under very different conditions there is close agreement between
the sensitivity of calcium block of single channel curents and calc±um protec-
tion from TMO modification of the 3 H-STX binding site by calcium binding.

Although an apparent complete loss of tox.n binding and block is observed
after chemical modification, some reduction in current is seen in the presence
of calcium. Therefore, toxin binding appears to be lost but the effects of
calcium may still be present. This could be attributed to diffbrences between
the nature of a high affinity and low affinity site. Toxin binding is extraor-
dinarily sensitive to alterations in STX end TTX structure, indicating that the
conformation of most regions of these molecules are important for their action.
This suggests thut there is a complex interaction between the toxin molecule and
its receptor. Therefore, chemical modification of one or more of the&* groups
(sits) on the channel protein, or on the toxin molecules, would have drastic
effects on the affinity for toxins. However, complicated interactions would not

be expetted for calcium, a point charge which would interact with a iore re-
stricted region of the protein. Therefore, if THO is responsible for decreasing
the affinity of these sites for calcium, then adding large amounts of calcium or
STX may produce alterations in the single channel currents expected for very low
affinity blockers.

TMO modification was also found to drastically reduce calcium block of
sodium ion permeation through sodium channels (rigure 9). Under identical ionic
conditions, calcium blocked unmodified single sodium channel currents tn a
voltage-dependent manner, but had very little influence on a TMO modified chan-
nel. At present two possibilities exist: 1) the affinity for the calcium binding
site (or toxin binding site) is drastically :educed (from 18 mM to over 200 mM
at 0 mV) or 2) the voltage-dependent behavior of the site is altered by THO
modification. By increasing the extrecelluler calcium concentration to 50-100
iMN, one would be able to construct a current-voltage relationship to investigate
whether the divalent cation induced reduction in single channel current of a THO
modified channel is voltage-dependent or voltage-independent. It is conclud-d
that calcium binds to a site located on the extracellular surface, which is a

*• site intimately involved in toxin binding and block. This site, or region of the
channel protein, can also bind sodium end is a necessary step in the movement or
passage of sodium ions through the sodium channel pore.
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F. B 9L :g Channels hy Wcius - Effects of divolent cations and asi-
an* surface -harge on ion permeation through sodium channels from rat brain.

Ion transport across biological membranes may be influenced by an electro-
static potential difference at the interface between the membrane and aqueous
solution.These surface potentials may result from fixed charges located on
proteins which are either closely associated with, or imbedded into the cell
membrane, or from the presence of membrane lipids with cationic or anionic head
groups. These fixed charges would tend to deplete ions of the same charge and
concentrate counterions of opposite charge near the membrane surface. In plasma
membranes at many mammalian cells, phosphatidylaerine (rS) is the predominant
negatively charged lipid. The purpose of this study is to investigate the role
of membrane aurface charge and divalent cations on the movement of sodium
through open sodium channels.

BTX-ectivated sodium channels from rat brain were incorporated into pre-
formed bilayers. Both PE and 70% PS/30% PE membranes were employed and channel
incorporation occurred readily in either type of bilayer. The surface charge
density was measured for both neutral and negatively charged membranes: PE
membranes posses little, if any, membrane surface charge (about 0.06 charges/
headgroup) while 70% PS membrines have a high surface charge density (about 0.6
chargea/headgroup).

1. Variation 2L single channel conductance- X=l sodium concentration

The conductance of the sodium :hannel was determined from the size of
unitary current fluctuations in the presence of varying concentrations of
sodium. Single sodium channel& were incorporated into a preformed bilayer com-
posed of PE. a neutral phosoholipid. Figure 11 illustrates the variation of
single channel current as the sodium ion concentration on both sides of the
bilayer membrane was altered. In the presence of 1.0 N sodium on both sides of
the membrane and les then 100 nN divalents, the single channel current was
about 1.9 pA at -60 mV. When the sodium ion concentration was reduced to 0.5 N,

the single channel currrent was about 1.8 pA. As sodium was further reduced, to
0.025 N, the single channel current decreased to about 0.7 pA. This membrane
contained two sodium channels and a small amount of STX (1 aN) present on the
oxtreaellular side to induce discrete single channel current fluctuations to the
closed or blocked state. This maneuver w*Il be used throughout this chapter as a

tocl to accurately determine the magnitud6 of the single channel currant.

With symmetrical sodium, the current-voltage relationship was linear over
the entire voltage range studied (#90 mV) &s shown in Figure 12. These channels
are ohmic, displaying no current rectification, indicating symmetry of the
sodium channel protein with respect to Ion permeation. The single channel con-
ductance for a sodium channel incorporated into a neutral bilayer bathed by
symmetric 500 mN sodium is 28.9 pS while, it is 12.7 pS when the sodium ion
concentration is decreased to 25 aN. In both cases, sodium was the only mono-
velent cation present, with less than 100 nf divalent cations.

Figure 13A illustrates the variation of the single sodium channel conduc-
tance in neutrel and negatively charged membranes as the sodium ion concentra-
tion on both sides of the bileyer membrane was altered. In neutral membranes
(PE), the single channel conductance displays simple saturation behavior des-
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Figure 11. Single MTI-activated sodium channel current fluctuations. Sodium
channels from rat brain were incorporated Into neutral (PE) membranes. The
solutions contained symmetrical 1.0 N. or 0.5 N. or 0.025 N VaCI and less then
100 nN divalent cations. The potential in each experiment was held at -60 mV. In
these records upvard current fluctuations represent channel closings and the
zero current levels are indicated by the arrows. The 4embrane at the bottom of
the figure contains two sodium channels and a small amount of STX is present on
the extraceilular side. These records were filtered at 150 Az.
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Figure 12. Open channel current-voltage relationship in neutral membranes.
Sodium channels were incorporated Into neutral membranes bathed by symmetrical
25 wN NaCI (open circles) or 500 aN MaCl (closed circles) end less than 100 nN
divalent cations. Single channel currents were measured at the indicated poten-
tiala. The date points represent mean # SEN from 7 to 16 membranes. The single
channel o)nductances calculated from these linear relationships were 12.7 * 0.2
pS for 2. aN sodium and 26.9 ! 0.7 pS in the presence of 500 mN sodium.
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Figure 13A. Single channel conductance as a function of the sodium ion

concentration. Single channel conductance-concentration relationship for
neutral (closed circles) and negatively charged (open circles) membranes. Each

point represents the slope of linear current voltage relationship*, as illua-

trated in Figure 12, for sodium channels at the indicated sodium concentration ,,. 4

on both sides of the membrane (less than 100 nN divalent cations). In neutral

and negatively charged membranes the conductance can be described by a rectangu-
lar hyperbola. The data at each point yeas determined from 3 to 30 membranes.
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cribed by the following reletionship:

G 3 Gea 0 (so3] I ([oa * K* .... (3)

where G is the measured single channel conductance, Gsex in the maximum conduc-
tance, and Ka is the apparent dissociation constant for sodium. Sodium channels
incorporated into negatively charged membranes (70%PS) display a similar satura-
tion behavior which is also well described by a rectangular hyperbola (equation
3). In negatively charged (70% PS) membranes, the open single channel current
w.. also ohmic over the voltage range studied. The Scatchard plots of these
results illustrated in Figure 138 show that this simple one ion, one site
relationship holds over the entire sodium concentration range studied end that a
rectangular hyperbola accurately describes the variation In single channel
conductance with symmetric sodium for single sodium channels in neutral and
negatively charged membranes. In both membrane types, the single channel conduc-
tance appetar to saturate between 31 end 32 pS in the presence of loes than 100
nN divalent cations. From close examination of the Scatchard plots, the single
channel conductance appears not to completely saturate but continues to in-
crease, suggesting either that more than one ion can occupy the channel only
under extreme Ionic conditions. In addition to saturation of the single channel
conductance, a small shift in half maximal conductance was observed as the
bileyer membrane was altered. In neutral membranes, the Ka for sodium is 37 nN,
while in negatively charged bilayera the Ka Is 28 aN sodium.

2. IJI2 bM different 4.Lent cations a& 2YJticaln m&ssodium

When divalent cationa are present In the intracellular and extracellular
solutions, a sodium channel becomes asymmetric in its ability to pass inward and
outward current. Figure 14A Illustrates the effects of addition of three differ-
ent divalent cations on single sodium channel currents with symmetrical 125 am
sodlue. Divelent cations were added to both aidee of single sodium channels
incorporated into blleyer membranes composed of neutral phoapholipids (PE) to
minimize alterations in membrane surface charge. Single channel current records
ware collected In the presence of low amounts of ST] (1-3 nM) to induce discrete
current fluctuations. Quite independently of the type of divalent cation pre-
sent, there was a greater reolction of the single Ohinnel current at negative
potentials (inward sodium current) than at positive potentials (outward sodium
current). Nangenese was the most potent inhibitor of both the inward and outward
movement of sodium through sodium channels. Nagneoium was only slightly less
potent than calcium: both divelents reduced the inward and outward current
compone.nts.

The current-voltage relationship for each divalent cation is shown in
Figure 14B. In the presence of divelent cations& there is a characteristic
asymmetric current-voltage relationship. The sodium channel appears to rectify,
passing outward current far more easily then inward current. block of inward
current is dependent on membrane voltage, In that as one hyperpolarizes the
membrane from -30 mV to -90 mV, the amount of current reduction is increased
about 1.5 fold. A similar voltage-sdependent block of inward currents was
reported in the ,revious section when only extracellular calcium was present.
Also each of these divalent cations induced a voltage-independent reduction of
outward currents tn which the current-voltage relationship for positive poten-
tials is linear. For calcium end strontium, the outward current is linear when
measured up to 140 sV indicating no Influence of voltage on the potency of
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Figure 13B. Sceatchard plot& of the same data, indicating the convergence of
both sets of date to the maximum conductance of 31-32 pS and a deviation In the
slope Indicating a change in the apparent disociation constant (correlation
coefficient w ea 0.98 for each ion).
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Figure 14A. The effects of different divalent cations on single sodium
channel currents. Current fluctuations were measured at 60 end -60 mV. Each
membrane contained a single sodium channel incorporated into neutral (PE) mea-
branes with 125 mN NaCl on both sides of the membrane and a low concentration of
STX (1-5 nil) added to the *xtracellular aide. Under these conditions, aingle
channel currents were reduced In the presence of 10 Nl magnesium, calcium, or
manganese on both sides of the membrane. The closed, or STX blocked, non-
conducting state, ti indicated by the arrows. In the magnesium records the slow
dri•t In the current is due to the decay of the capapcitative current following
the voltage clamp pulse.
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Figure 143. Open channel current-voltage relationships for single channel
membranes such as in 14A. The dashed line represent& the control in which the
channels were bathed by 125 mM sodium solution and less than 100 na divalent
cations. When 10 mM magnesium (closed triangle&), or calcium (closed boxes) or
manganese (closed circles) was added to both sides of the membrane, the single
channei currents were reduced The smooth curves were drawn by eye.
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current block.

Both voltage-dependent block of inward current and voltage-independent
block of outward current say be seen more clearly in Figure 14C, where the
fraction of current blocked (Fb) by divalent cations as determined from the
following relationship was plotted as a function of voltage:

Fb - 1 - (In / Imax) .... (4)

where In is the single channel current measured from discrete current steps in
the presence of the divalent cation, and Imax is the single chanpel current step
prior to exposure to divalents. Both components of block were observei 'or
manganese, magnesium, and calcium as shown in Figure 14C. At positive poten-
tials, the fraction of outward current reduced by the divalent cation is con-
stant, i.e., independent of the applied voltage. The horizontal lines drawn
between the data points on Figure 14C represent the seon fraction of outward
current blocked by divalents at positive potentials. At negative voltages, there
is an obvious influence of the transmembrane potential on the amount of divalent
cation induced reduction of single inward sodium channel current. The smooth
curves at negative potentials were determined from the following relationship:

Fb a 1 1 (1K/CN02*]) * exp(zDFE/RT) .... (5)

where Fb was determined from equation 4, Ko is the concentration of the
divalent vation (Ne 2 *) which gives half maximal block, z is the valence of the
blocker molecule, D is the fraction of the membrane field sensed by the blocker,
E is the applied voltage, and R, T, and F have their usual meanings. The data at
negative potentials follow a Boltzmann distribution (equation 5) and fail to
describe the voltage-independent block of outward current by each divalent
cation at positive potentials. In addition, the voltage-independent (horizontal
relation) block at positive potentials can not describe the voltage-dependent
block at negative potentials.

Table 3 shows the relative potencies of current block by different divalent
cations for the voltage-independent and voltage-dependent components. For each
divalent cation tested the gi for block was estimated from the following rela-
tionship:

Ki u (l-Fb-1) * CMe2 *3 .... (6)

where Fb is obtained from equation 4 and [Ne 2 *3 is the divalent cation concen-
tration. For the voltsge-independent outward current block, the average single
channel current reduction obtained between 30 and 90 mV was uasd to determine
the apparent inhibition constant for each divalent cation listed in Table 3. For
voltage-dependent block of inward currents at negative potentials for each
divalent cation the values in Table 3 were obtained from the non-linear least
squares fit of equation 6 to the data. Note that qualitatively similar voltage
dependence is observed for block of inward current by each divalent cation
except for barium (Table 3). This inconsistency appears to reside in the lack of
fit of a Boltzmann distribution (equation 5), primarily due to the data point at
-30 nV. When this point is omitted, D becomes approximately 12% and is close to
the value obtained from other divalents. Furthermore, the order of potency of
the divalent cations for the block of inward current is the same for block of
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Figure 14C. Fraction of current blocked vs. applied potential for the data
in B. The horizontal lines represent the average fraction of current blocked at

.. *" positive voltages and corresponds to the voltage independent component of cal-
cium induced outward current block. The smooth curves were calculated from non-
linear least squares fit of a Boltzmann distribution (equation 5) to the date
at negative voltages with the following parameters: Magnesium, Ko is 11.65 mM
and D is 0.13; Calcium. Ko is 13.0 mH and D is 0.19 and: Manganese. Ko is 6.2 mM
and 0 is 0.17. The dashed 1!.nes were drawn to connect the voltage-dependent and
voltage-dependent components of divelent cation block, and indicates the range
of potentials where the block was not evaluated.
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outward current. These results suggest a airect, specific interaction of di-
valent cations for a site, or collection of sites, closely associated with
sodium ion permeation through sodium channels which has the following affinity
sequence: In2*>Ca 2 *>Kg 2 *>Sr 2 *>Ba 2 ".

Table 3. Effect of divalent cations on single channel currents.

Ki Inward current block
Divalent cation outward current block Ki(-8OmV) D(M)

manganese 7.9 an 1.2 am 16.6
Calcium 9.6 am 2.1 am 18.8
Magnesium 11.7 ml 2.8 am 12.6
Strontium 23.8 am 11.8 am 17.4
Barium 30.9 am 19.8 am 6.5

All date points were obtained from 2-6 membranes. The Ki for outward
current block was obtained from the mean fractional block of outward
current at positive potentials and equation 6. The param.sters for
inward curent block were first obtained from a non-linear least squares
fit of a Boltzmann distribution (equation 5) to the fractional block of
inward currant (negative potentials). Then the Kj was determined from
equation 6. Each data point, for the respective divalent cation, was
within 0.002 and 0.02 (R1S standard deviation) from the beat. fit line.

3. EffLctL jj ivalont cations unernsetric sodiauom MniLn&

When the mcdium concentration was identical on both sides of the membrane
the sodius chanak.. current-voltage relationship was ohmic (Figure 12).
However, the sodium channel displays a small degree of apparent current rectifi-
cation under morc physiological ionic conditions as shown in Figure 15. Sodium
channels were incorporated into neutral (PE) membranes with 125 am eaCl, 5 am
KC1 on the extr .tllular side and 5 am XaCI, 125 am KC1 on the tntracellular
side and the d..v ý:int cation concentration on both sides was below 100 nN. The
slope of the currcat-voltage relationship at potentials more negative than -60
&V indicates a single channel conductance for inward current of about 19 pS.
With symmetric sodium (125 am) with no potassium present, the single channel
conductance was 24 pS. When 2 or 10 am calcium was added to the extracellular
isde, the inward single channel current was reduced. The influence of tranamem-

bran* voltage on reduction of inward sodium ion movement is nearly identical to
that found for symmetric sodium conditions. For 10 am calcium there is about a
48% reduction in inward current at -30 mV and 74% reduction at -90 mV. From
equation 5, the reduction of outward currents is equivalent to calcium sensing
about 27% of the tranamembrane field (Ko= 1 7 .9 am calcium). This indicates that
under different ionic conditions, asymmetric vs symmetric sodium, the charac-
teristic voltage dependence of calcium block of inward single channel current is
similar and is in close agreement with that found by other investigators (10,
18). In addition, physiological concentrations of extracellular calcium (2 am)
can reduce the single channel current in a voltage-dependent manner as illux-
treted In Figure 15. The inward current is reduced by about 20% at -40 mV and by
44% at -90 mV. Therefore, near the normal resting and threshold potentials,
under "physiological" ionic conditions, the single sodium channel current is
significantly reduced by oxtracellular divalent cations.
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rigure 15. Single channel currents under stylized "physioiogical" conci-
tiona. Open single channel current-voltage relationships for sodium channels
incorporated into neutral membranes vith 125 sX sodium. 5 am potassium on the
extracellular side and 5 mM sod'ua, 125 mM potassium on the intracellular side
and less than 100 nX calcium ',pen circles; n-9). Under these stylized cellular
ionic conditions# reduction of the single channel current is observed after the
addition of 2 mg (closed circles) or 10 mN (closed triangles) calcium to the
extrecellular side. Each point represents the meens :SEM from 2-4 membranes. The
smooth curves were drawn by eye.
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4. Effect 2L Uxesnetric calcLiu a ngain.

Besides reducing the single channel current, extracellular divalent cations
have been shown to influence the kinetic behavior of the open and closed states
of the sodium channel (19). Figure 16 shovw the effects of altering the divalent
cation concentration on the extracellular aide of the sodium channel. Sodium
channels were incorporated into neutral (PE) membranes with 250 aM sodium on
both sides. When 10 sH calcium wes added only to the extracellular side, the
single channel current wes reduced (42%) and the channel spent nor* of its time
in the closed state. As the extrecellular calcium was doubled the single channel
current is further reduced (59%)0 the channels spent an Increasing amount of
time in the closed &tat* and the shift of the activation curve to sore depol-
arized potentials becomes more dramatic. This is consistent with the results by
other investigators in that extracellular divalents produced shifts in the curve
that relates sodium channel activation to membrane voltage. When divalents were
added to the intracellular side, at a concentration to equal that on the extra-
cellular side, the reduction in current remained (about 59*) but the apparent
shift in the activation curve was eliminated, presumably by removing asymmetries
in meabrane surface charge produced by asymmetric divelents. The amount of
current reduction in the presence of 20 mN extracellular calcium was almost
identical to the current block when the calcium concentration was 20 ml on both
sides of the bilayer. These results indicate that there are charged groups on
the intracellular surface of the channel which may influence the gating machin-
ery.

5. E ffectL 2Lcalcium A hingle channel current Vn4,zn.rpeill saturating
sodiumo nditiona.

In addition to the influence of voltage, the block of the s*ngle channel
current by divalent cations is concentration-dspendent. Figure 17A shows current
fluctuations in the presence of the indicated concentration of calcium added to
both sides of a single sodium channel incorporated into a neutral &embrane with
symmetrical 250 mN sodium. As the concentration of calcium is increased, the
amount of current reduction or blockade of inward and outward current is in-
creased. As shown in Figure 14, for each calcium concentration, there is a
greater reduction of single channel current at negative potentials then at
positive potentials.

The current-voltage relationship for each calcium concentration is shown in
Figure 175. The influence of voltage on divalent cation block of both inward and
outward rurrent appears to be independent of the calcium concentration. At each
calcium ... &entration, the single channel current displays rectification; out-
ward current is greeter then inward current under symmetrical conditions.

Separation of voltage-dependint block of inward current and voltage-inde-
pendent block of outward current can be more clearly illustrated in Figure 17C.
where the fraction of current blocked (determined from equation 4) is plotted
as a function of voltage. As the concentration of calcium is increased, the
single channel current is reduced and the influence of voitage remains unal-
tered. The lines in the figure were determined from equation 5 as described for
Figure 14C. At positive potentials, the horizontal lines are calculated from the
mean current block for the voltage-independent component. The smooth curves at
negative potentials were obtained from a Boltzmann distribution (equation 5)
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Figure 16. Influence of calcium on aodium channel gating. Two sodium chan-

nels were incorporated into neutral (PE) membranes hathed by symmetrical 250 mN

sodium. At -80 mV the channel was open for more than 85% of the time (in the

presence of BTX). When 10 mH calcium is added to the extracellular side the

single channel currents are reduced and the channels spend an increasing amount

of time in the closed state. Increasing calcium to 20 aN further reduces single

channel currents and increases the time the channel spends in the closed state.

When the calcium concentration is equalized by the addition of 20 aN calcium to

the intracellular aide, the single channel current reduction remains unaltered,

however the channel is nearly always open as prior to calcium addition.
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Figure 17A. Single sodium channel current fluctuations in the presence of
increasing concentrations of calcium on both aides of the bileyer. Single sodium
chennels were incorporated into neutral (PE) bilayers with symmetricel 250 ml
sodium and a low concentretion of STX (2-5 nN) on the extrecellular side. The
current records shown were taken at 60 and -60 aVs the closed states are indi-
cated by the arrows.
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Figure 178. Open channel current-voltage relationship for sodium channels
under conditiono identical to those in A in the absence of divelents (dashed
"line) or in the presence of 5 mE calcium (closed triangles), 20 mN calcium

(closed boxes), or 40 mN calcium (closed circles) on both sides of the membrane.
each point represmnts the means # SEA obtained from 2-8 membranes. The smooth
curves wore drawn )y eye.
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end represents the voltage-dependent component of divalont cation block of
sodium ion movement through single sodium channels.

Figure 18 illustrates the saturating behavior of divalent cation block.
Figure 18A is a plot of the fraction of current blocked as a function of the
calcium concentration (aymmetric) at 90 and -90 mV. Mote the saturating behavior
of both inward and outward current block. The saooth curves ware drawn from the
following relationship:

Fb a (Fbaax a (Ca 2 *]) / (UCa2 ,] - Kj) .... (7)

where Fb is the fraction of current blocked obtained from equation 4, Fbmax is
the theoretical maximum blockable current, (C0 2'] is the free calcium concentra-
tion on both sides of the incorporated sodium channel, and Ki is the apparent
inhibition constant for calcium block. From the double reciprocal plots in
Figure 188, divalent cation block appears to saturate for both the voltage-
independent (90 mV) and voltage-dependent (-90 aV) components. Furthermore,
because of the close fit of equation 7. the data suggest that one calcium ion
interacts with each sodium channel to block the movement of sodium through its
pore. The X-intercept or apparent calcium affinity for current block is differ-
ent for each potential. The Ki for calcium is 4.4 am at -90 mV and 9.8 mM at 90
mV. In addition, the Y-intercept or Fbmax changes with potoatial (see below).

Table 4 lists the Ki and Fbmax for calcium block at (.ach potential, deter-
mined from Scatchard plots of the data in Figure 18. The applied voltage appears
to reduce the apparent Ki for calcium for Inward current (4.4-10.3 am) and has a
smaller influence on calcium affinity of outward current reduction 16.4-9.8 mW).
In fact, the effect of voltage on the calcium affinity for reduction of the
outward current is negligible, if one omits the 90 sV determination (6.4-7.4
af). Although the current-voltage relationship for potxtive potentials provides
no indication of non-linearity, i.e., block of outward current appears to be
voltage-independent, there appears to be a &sell infLuence of voltage on the Ki
and Fbuax, the parameters determined from data transformations. By close inspec-
tion of these parameters at 90 mV, not only does the Ki increase but the Ft=max
increases, suggesting a possible interaction between the two parameters which,
at present, cannot be explained. For inward current block by calcium, the appar-
ent voltage dependence was determined from the following equation which is
derived from the Boltzmann distribution (equation 5):

KI(E) * Koexp(zDFE/RT) .... (8)

where I Is the applied potential, z is the valence of the blocking ion, D is the
fraction of voltage sensed by the blocking ion, Ko is the apparent affinity
constant for the divalent cation blocker at 0 mV, and R, T, and F have their

usual meanings (10). The distribution of the apparent inhibition constant (Ki)
for calcium at negative voltages (i.e., Inward current block) indicates that the
sate of calcium action is located about 28% of the electric field from the
extracellular saide. In addition, Fbmax is influenced by the applied voltage.
While positive voltages appear to have a small influence on the maximum current
reduction by celcium, at negative voltages the maximum Fb approaches one. Quali-
tatively similar results were observed by strontium block of inward and outward
currents (data not shown). However, the Ki for strontium %10.9 am at -60 aV) is
higher than calcium, reflecting its lower affinity.
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Figure I&A. Saturation of current blok bV symmetrical calcium In the
presence o/f 25$0 mg sodium. Plot of the traction of current blocked at 90 and -90
mV at the indicated calicum concentrati:Jon*. The daet were obtained from current-
voltage rolatlonehlipa I•Lka those o/f figure 1711. The curvoe& yore calculated as
described in the text, and the parameters were obtained from Table 4.
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Figure 18B. Double reciprocal plot of the date in A. Note the changes in
the apparent inhibition constant as shown by the difference in the x-intercept.
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Table 4. XI and Fbmax for calcium block with symmetrical 250 ml sodium.

Voltage Voltage
(20) KX(a) Fbasx (MV) KI(aN) Fbmex

-30 10.3 0.76 30 6.4 0.55
-60 6.7 0.78 60 6.6 0.59
-70 7.2 0.86 70 7.3 0.63
-80 4.6 0.81 80 7.4 0.62

54 4.4 1.80 90 9.8 0.71

Values were obtained from Scatchard analysis of data from those of
Figure 18A. The correlation coefficient for the linear regression lines
ranged between 0.90 to 0.99 and each point represents data collected
from 3-6 membranes.

6. E~ffts 2L calcium at normally non-saturating sodium concentration*.

Similar effects of calcium are observed at sodium concentrations where the
single channel conductance is not saturated. Figure 19 is a plot of fractional
blocked current (Fb) vs symmetric calcium addition at 90 and -90 mV, under the
"saoe conditions as Figures 17 and 18, except that the sodium concentration has
been reduced to 75 &N. The smooth curves were drawn from equation 16. Under
these conditions, the reduction in single channel current displays saturating
behavior stimilar to that observed with symmetric 250 aN sodium. Similar changes
In the XL for calcium and Fbmax with applied potential were observed, however,
the apparent Inhibition constant for calcium block is higher than that at 250 aN
sodium. Fbmax at negative potentials (inward current block) varied between 0.71
at -30 mV to 0.85 at -90 mV, while at positive potentials (outward current
block) it was between 0.60-0.69. The apparent Inhibition constant (Xi) for
calcium fox 6lock of inward current was between 1.2 al at -30 &V and 0.47 ml at
-90 mV. For outward current block, the Xi was between 1.2 and 1.6 mX calcium.
Under identical conditions, with the addition of strontium as the divalent
cation blocker, similar alterations in the Ki for strontium and Fbmax were
observed with voltage. However, the absolute values of the KI for strontium (2.7
PM at -60 mV) are higher due to strontium's lower blocking affinity. Further-
more, the Ki for strontium at 250 aN sodium is higher then at 75 aN sodium.
These results suggest competition between the divalent blocker and sodium (the
permeating ion).

7. Coegetition betwen calcium ynd &*dive.

The following illustrates competition between the divalent cation and the
permeating ton. Figure 19 shows the fraction of current blocked by symmetric
addition of 10 mlN calcium, as the sodium Ion concentration on both sides of a
neutral (PE) membrane is altered. As the sodium ion concentration is decreased
from 750 to 75 mN, the fraction of current blocked becomes greater. However, the
voltage-dependent and voltage-independent components of block are still evident.
The lines in Figure 20 were calculated as described above for Figures 14C and
17C: at negative potentials the smooth curve represents the non-linear least
squares fit of a Boltzmann distribution to the fraction of inward current
blocked by calcium, while at positive potentials, the block of outward current
is independent of voltage.
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Figure 19. Saturation of fraction of current blocked by calcium in the
presence of 75 aN sodium. Data was obtained as in Figures 17 and 18 in which the
fraction of current blocked was evaluated at the indicated calcium concentra-
tions on both sides of the membrane at 90 and -90 xV. Each point represents the
meens * SEN from 2-5 membranes. The curves wre determined as described in the
text with the following parameters: at -90 mV Ki is 0.47 aM calcium and Fbmax is
0.84; at 90 mV Kj is 1.47 mN calcium and Fbmax is 0.7. Note the similarity to
that of Figure 18A.
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Figure 20. Competition between calcium and sodium. Fraction of current
blocked vs. applied potential for symmetric 75, 250, and 750 aN sodium in the
presence of 10 aN calcium on both sides of the membrane. Sodium channels were
Lncrororated into neutral membranes and each point represent& the means !SEX for
3-8 membranes. The line& in the figure were determined as in Figures 14 and 17.
The parameters for the Boltzmann distribution are as follows: For 75 mW sodium
the Ks is 7.7 mN for calcium and Dtis 0.17; for 250 aN sodium the Ko calcium is
28.6 mH calcium and D is 0.19 and; for 750 mN sodium the KO is 93.0 mN calcium
and D Is 0.12.
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Wthen sodium channels are incorporated into negatively charged membranes,
nearly identical results are observed as illustrated in Figure 21. The fraction
ao current blocked at -30 aV is plotted as a function of the sodium ion concen-
tration on both sides of the membrane for both neutral and negative membranes.
Even at low ionic conditions, where the effects on ion permeation of calcium
induced alterations in me*brane surface charge would be more prominent, no
difference can be observed. Upon evaluating these results at all potentials,
there was no significant difference of calcium block of sodium channels incor-
porated into negative or neutral membranes. However, at a few potentials, a
emall (5-10) difference "as observed and occured only at high sodium concentre-
tions (above 500 mN), similar to those observed in Figure 21. Therefore, it
appears that membrane lipid surface charge plays little, if any, role in the
block of sodium channels by divalent cations.

The results in Figure 20 and 21 suggest competition between the divalent
cation and sodium. Figure 22A illustrates the variation in single channel cur-
rent as the sodium ion concentration is altered in the absence and oresence of
calcium. In the absence of divalents, the single channel current (at -60 mV) is
"described b? a rectangular hyperbola as was shown in Figure 13A. In the presence
of 10 am calcium, the single channel current increases as the sodium ion concen-
tration is increased, approaching that of controls, where calcium is absent. The
smooth curve was calculated from a variation of equation 3:

These results suggest that calcium competea with sodium in reducing inward
single channel currents.

/* The double reciprocal plot of single channel current we sodium in Figure
22B reveals a large change in the apparent Ka for sodium in the presence of
calcium, while only a small change in the maximum conductance was observed. In
the presence of calcium, the apparent Km for sodium is increased from 37 aM to
about 500 mR. Similar results were obtained for all applied potentials. The
apparent dissociation constant for sodium varied from 150 to 250 aM at positive
potentials, where outward current block is independent of voltage. For the
voltage-dependent component, the apparent dissociation constant for sodium in-
crea&sd from 300 mn at -30 mV to about 1.2 N at -90 mV. In addition, strontium
"displays similar competitive interactions with sodium. At -60 aV, the apparent

*. Km for sodiun is increased to about 300 mM in the presence of 20 mM strontium.
From enzyme kinetics, a competitive inhibitor is defined as a substance (e.g.,
calcium) which combines with a receptor (sodium channel) preventing substrate

* (e.g., sodium) binding, so that the binding of the substrate and inhibit-- is
mutually exclusive. In this example, sodium binding to the sodium channel re-
suIts in current flow and calcium inhibits the movement of sodium through sodium
channels. With this scheme, the sodium channel's affinity for sodium ions will
be reduced in the presence of the inhibitir while the maximum current will be

Sunaltered. Although the Km for sodium is drastically increased, the apparent
" * maximum current is also increased as indicated by a change in the y-intercept in
* Figure 22B in the presence of 10 mM calcium. At more negative potentials, the

theoretically determined maximal current is increased by about 2. Therefore, the
exact type of interaction between sodium may be more complicated than simple

" * competition (see below).
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Figure 21. Lack of an effect of membrane surface charge on the competition

between calcium and sodium. Fraction of current blocked by symmetric 10 mX

calcium at the indicated sodium concentrations. The single channel currents were

evaluated at -30 mV in neutral (closed circles) and negatively charged (open

circles) membranes.
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Figure 22A. Competition between sodium and calcium. Single channel cur-
rent as a function of the sodium ion concentration in the absence (closed
circles) and presence (open circles) of 10 mH calcium. Single sodium channel
current fluctuations incorporated into neutral membranes were evaluated at -60
mV and were obtained from experiments as in Figure 20 and 21. The curves were
determined as described in text.
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•i~iusaion

Effects of alterations in the ionic and membrane phospholipid environment
on current through single sodium channels have been analyzed to gain information
abuut the structural organization of the sodium channel. The following discus-
sion will focus on the relative effects of membrane surface charge and divalent
cations on sodium ion movement through the sodium channel pore.

1. Characteristics 2L th sing sodium channel conduc -qqA.

The results presented above demonstrate variations in the conductance of
single sodium channels in planar lipid bilayers, .when exposed to different ionic
conditions. In addition to the influence of divalent cations on single channel

* currents, which will be discussed below, changes in the amount of sodium present
at the intracellular and extracellular end of the sodium channel may also in-
fluence the movement of sodium through sodium channels. A clear example can be
seen when one compares Figure 14 and Figure 15 in the absonce of appreciable
divalent cations (less than 100 nX). When the sodium ion concentration was
symmetrical (125 WM) the a ngle channel conductance was 24 pS. However, under

* stylized "physiological" conditions where there is a small amount of potassium
present on the extracellular side and a large amount on the intracellular side,
the single channel conductance was about 19 pS. Even with physiological concen-
trations of monovalent cations, the single sodium channel conductance in the
absence of diveaent cations is higher then the 2-15 pS which has been reported
for other sodium channels using patch clamp (18,20). The apparent discrepancy is
probably due to the presence of divalent cations at the external surface of
sodium channels in intact cells. In those reports, the extracellular solutions
contdined 0.5-50 mX Ca2÷ and/or 1-2.5 mM Mg2 ÷, both of which are capable of
reducing the single channel current aa illustrated in Figure 16. In this study,
with cellular ionic conditions, 2 mW calcium added to the extracellular side of
Ssodium channels reduced the single channel current about 30% at -60 mV (Figure
15) (18). By correcting for these alterations in the ionic environment, the
values for single channel conductance reported here are close to those reported
in the literature for a variety of cell types. However, the degree to which BTX
effects the movement of sodium through sodium channels or the block• by divalent
cations is presently unknown.

2. Sng channel satyration

Sodium ions permeate through ion channels by a process different from
simple diffusion. The sodium channel contains at least one binding site located

"* within the tranamembrane field that is accessible from either the internal or
external cellular environment. The results presented above demonstrate that the
magnitude of current through a single sodium channel is a function of the ionic
composition of the solutions which bathe the intracellular and extracellular
surfaces. As the sodium ion concentration is increased symmetrically, the single
channel conductance increases non-linearly. In fact, the relationship between
single channel conductance and sodium saturates as the sodium ion concentration
is raised above 200 ma and is described by a rectangular hyperbola. Similar
results were obtained with skeletal muscle T-tubule sodium channels (21). Early
analysis of voltage-dependent membrane conductances assumed that ion movement
through biological membranes is independent of the presence or concentrations of
either permeant or impermeant ions (22). However, an obvious deviation from th~e
"indepenoence principle" is demonstrated by the saturation of the single sodium
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*- sodium channel, with Its lipid environment, incorporates into the bilayer, &ome
native lipid domain from the brain membrane vesicle remains around the channel,
insulating it from the bulk lipid composing the bilayer membrane. At present one
cannot exclude this possibility. However, based on the calculations above, the
chanvel protein is large enough to account for the insulation of the ion permea-
tion pathway from the membrane surface environment.

4. Divelent catjong IMA IM permeation.

Block of the ion permeation pathway by divalent cations has been attributed
to two main factors: non-specifLc screening ead a direct. more specific interac-
tion between the divolent cation and the sodium channel. Both factors may either
separately, or in concert, influence sodium Ioe movement through sodius chan-

Snels. The following discussion will focus on the evidence for a direct interac-
tion of divalent cations with the sodium channel.

The characteristic behavior of all divelent cations tested was that the
reduction in single channel current consisted of two components, a voltage-
dependent block of inward current and a voltage-independent block of outward
currents. This is clearly seen in Figures 14C, 17C, and 20. The voltage-depen-
dent component appears to occur by divalents binding to a site located approxi-
mately 20-25x of the electrical distance from the extracellular surface. In the
previous chapter, 10 aN extracellular calcium reduced the inward current in a
voltage-dependent manner. This current reduction Is nearly identical to that
obtained by symmetrical 10 mM calcium (about 6O0 at -60 mV). In addition,
reduction of outward currents by symmetric calcium (10 aM) Is about 2.6 times
greater then that observed by extracallular calcium alone (10 mN) at the same
potential with symmetrical 125 mN sodium. Therefore, it appears that the vol-
tage-dependent and voltage-independent components of divalent cation block are
distinct.

Many different divalent cations were found to reduce the single channel
currents. The order of efficacy was Mn2 #)Ca 2 #) K2i)Sr 2 *)Ba2*. In thia report,
block by all divalent cations had similar characteristics and the apparent
voltage dependence for the current reduction was similar, suggesting that di-
valents bind to a common site located on the sodium channel. Barium was the only
divelent cation whose ability to reduce singlesodium channel currents appeared

* to be less dependent on voltage. The binding sequence is the same for the
voltage-independent block of outward current as well. The sequence for blocker
potency is also quite different from that observed for divalent cation binding
to phospholipids. For example, phosphatidylserine (PS), which is the most comaon
negatively charged phospholipid found in most mammalian cell membranes has the
following divalent cation binding sequence: Nn2*)Ba 2 +)Sr 2 +)Ca2 #)Mg 2 +. These
results support the notion that the site at which divelent cations interact to
reduce single sodium channel currents Is not a phoepholipid headgroup, but is
part of the sodium channel. Furthermore, addition of membrane surface charge or
alterations in the permeant ion concentration appeared to have no effect on the
characteristics of calcium block of the ainglesodium channel current. These
results suggest that the effects ere specific for the channel and not an in-
direct effect of alterations in membrane surface potentials.

An interesting question arises when evaluating the total fraction of cur-
rent which can theoretically be blocked by divalent cations. As seen from the
saturation carves in Figure 18A and 19 at -90 mV, the maximus blockable current
does not approach 100%. The east probable explanation is that calcium ions
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channel conductance. This suggests that sodium ions do not move independently
through the aqueous pore of the sodium channel as if in solution, but instead
interact with at least one site located within the sodium channel pore as they
pass through. Furthermore, due to the fit of the data to a rectangular hyper-
bole, there appears to be a single saturable binding site in which one sodium
ion (substrate) can bind to one sodium channel (receptor). Therefore, the chan-
nel appears to operate as a single ion channel in which no more then one ion can
occupy the pore at one time (23-26) at least within the &odium concentration
range studied (0 - 1 M). These non-linearities or interactions are further
guides to the microscopic energy wells and peaks within the channel in which a
sodiun ion must pass as it crosses the membrane and form the basis for an
v'qoing rate theory analysis of ion permeation through Lhe sodium channel.

3. Effect of membrane surface charge.

:n this section, the questicn of the extent to which membrane surface
charge affects ion permeation is discussed. Several investigators have reported
that sodium channels are relatively insensitive to alterations in membrane
surface charge as determined by extracellular divalent cation addition. In this
report, the effect of membrane surface charge was determined directly, in the
absence of divalents. One might expect that increases in membrane surface charge
could cause accumulation of positively charged sodium ions near the mouth of the
channel, thereby increasing the local sodium ion concentration (27,28). This, in
fact, would explain the small, almost negligible decrease in the apparent disso-
ciation constant for sodium in the presence of negatively charged membranes as
observed in Figure 13. Furthermore, alterations in membrane surface charge did
not affect calcium induced reductions in single channel currents as illustrated
in Figure 20. Even at low ionic strength, where the affects of alterations in
membrane surface charge would be expected to be greatest, none were obsoerved. In
fact, a minimal effect of membrane surface charge on calcium induced reduction
of sodium ion movement was observed only at high sodium concentrations (greater
than 500 im), an unexpected result based on present theories on electrostatic
forces or potentials adjacent 'o membranes. Furthermore, the characteristics of
calcium block at 75 and 250 aM symmetrical sodium were nearly identical, sugges-
ting a lack of significant contribution of the membrane lipid environment to the
ion entry into the channel, indicating that the mouth of the channel is, to some
degree, insulated from the membrane lipid environment.

These results might be expected based on current kinwledge of the aoJecular
structure of the sodium channel. Assuming that the sodum channel protein h,'s a
molecular weight of 300,000 and is arranged as a cylinc.er, 80 Angstroms in
length, the surface area of the face of the channel expoaied to the intracellular
and extracellular solutions would be about 80 angstroms in diameter. Levinson
and Ellory (29) using irradiation inactivation, determined that the sodium
channel behaved as a spherical protein, which spans a lipid bilayer, also about
80 angstroms in diameter. A channel protein of this aize would not permit the
mouth of the sodium channel or ion permeation pathway to be significantly in-
fluenced by the lipid enviroment or alterations in its surface charge (27). This
calculation ae-umes the surface of the channel is flush with the membrane phos-
pholipid surface. Alternatively, the channel may extend out into the *xtracellu-
ler solution from the plane of the membrane.

An alternative explanation for the inability of added membrane surface
charge to influence sodium persmation through solium channels is that, when a
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permeate the sodium channel, thereby carrying sao* fraction of the total ionic
current. However, the maximum fraction of current blocked (Fbgax) by calciua is
lower at -30 mV then at -90 mV. It &eine unlikely that calcium ione permeate at
a higher rate at low potential& than at higher potentials. In addition, attempts
to detect divalent cation permeation of sodium channels in the absence of mono-
valent cations have been unsuccessful. At 250 and 75 an sodium. Fbaax remains
constant at posAitive potentials (about 0.6), where the current reduction is
independent ol voltage. At negative voltages, which favor the voltage-dependent
component, Fbuax increases from about 0.6-0.9 as the membrane becoaes more
hyperpolarized. These observations are inconsistent with calcium permeating the
sodium channel and argue against a simple blocking model. These results indicate
that the exact nature of divalent cation interaction with the sodium channel may
be mora complicated then can be decrAibed by a simple rectangular hyperbola,

even though the data appear to be well fit by this type of analysis.

5. Extrcelluar calciuma and siau nnel gating.

In addition to the reduction in single channel current by divalent cation&,
extrocellular calcium can influence the gating machinery of the sodium channel,

* causing the channel be closed at potentials where it would normally be open
(Figure 16). In this example, it is clear that the single channel current is
reduced by calcium. However, the average current is reduced to a greater extent,
due to a decrease in the length of time the channel is open. Thus, extracellulat
calcium also reduces the macroscopic (averaged) sodium current by reducing the
probability of channel opening. Similar effects of extracellular divalents have
been reported before (19,30).

6. Cometiio be!Utwe *odim 21 calcium~3j.

If the sodium channel operates as a single ion channel, then, as the
permeant i*.. (sodium) concentration is increased, the potency of the divalent
blocker should decrease. In this chapter, a difference in Ki for calcium in
reducing single channel currents at 250 and 75 aN sodium (symmetrical) suggested
competition between calcium and sodium. As the concentration of sodium was

*• increased, the apparent inhibition constant, KX, was increased. However, the
general characteristics of the voltage dependence of inward current block and
the voltage-independent outward current block was retained. When divelent cation
block was studied under a wider range of sodium ion concentrations (50-1000 mX),
divalents were found to be less potent as sodium was increased. These altera-
ations In current reduction were consistent with divalents competing with sodium
for a common site located on the channel. In the presence of 10 ml calcium or 20

&N strontium, the channel's apparent affinity for sodium Is decreased over 100
fold. However, the maximum current is slightly altered in the presence of di-
vrlents and appears to be dependent on voltage. These results suggest a for% of
competitive interactions between sodium and calcium however, the egact mechanism
is, at present, unknown.
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SG. CALCIUM CHANNEL.S LjROM1 BRAI ll PLANAR L=P DI AER.•

Voltege-dependeet calcium channels from rat brain were incorporated into
planar lipid bilayers (Nelson, Fr-nch, Krueger, 1984 (12)). A membrane fraction
from rat brain median eminence was used as a source of these cbannels because

that region of the brain consists priearily of nerve terminal&. Nerve terminals
are thought to have a high concentration of calcium channels. These brain
single calcium channels have the following properties:

1. Selectivity: These channels select for calcium, barium, strontium, man-

gones over sodium, potassium, chloride, lanthanum, cadmium.

2. Unit Conductance: barium (8-9 pS) ) Calcium, Strontium (5-6 pS) ) Man-
ganese (3-4 pS) ae reported %a Nelson at a1. (31) and Nelson (32).

3. Voltage-dependence: Membrane depolarization increased the opening rate
constant and decreased the closing rate constant (31). The relationship between
thea probability of the channel being open and voltage could be described by the
Boltzaann equation with an "apparent gating charge" of 1.5-2.0 (32).

4. Ion-dependence of kinetics! It has been traditionally thought that the
kinetics of an ion channel are independent of the nature of the ion carrying

. charge through the channel. A •!gnificant finding of our studies was that the
* nature of the permeant divalent cation not only affected the single channel

conductance, but it also affected the channel's closing rate constant (i.e.
mean open times), with the same order of potency, I.e. Barium ) Calcium, Stron-
tium ) Manganese (31) (Figure 5). This observation suggests that competition by
the permeant Ions for common sites in the channel may regulate both the rate of
ion passage through the channel and it's closing rate (i.e. occupancy of a site
In the channel by a permeant ion would impede channel closing). This suggestion
is further supported by the observation that the addition of monganese to solu-
tion containing a more permeant ion both decreased the single channel conduc-
tance and closing rate constant (32).

* 5. Block of channel by inorganic calcium channel blockers: A variety of
inorganic ions including cadmium, cobalt, nickel, manganese, and lanthanum can
reduce calcium currents in many preparations. We found that these inorganic
calcium channel blockers reduce the single channel current in a doas dependent
manner, with the order of potency being lanthanum > cadmium > manganese (Figure
6) (32). The efficacy of block depended not only on the nature of the blocking
ion but also the nature of the permeant ion. The block was consistent with one
blocking ion binding to a site in tae channel and thereby impeding ion flow
through the channel.

Recent work reported in Nelson (13) has demonstrated that these brain
calcium channels are also slightly permeable to Mn*" and that Rn'* can also act
as a blocker of Sr*, Ca*, end Bgo permeation throught the channels. As
expected, of the divelent cation& tested, Nn** had the smallest single channel
conductance (4 pS) but displayed the longest open dwell times. Evidence is also
presented that perseant divelent cation* must interect with at least two binding
sites in traversing the channel pore.
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